Diboson production at the LHC is a process of great importance both in the context of tests of the SM and for direct searches for new physics. In this paper we present a phenomenological study of WW (→ e + ν e µ −ν µ ), WZ (→ e − ν e µ + µ − ), and ZZ (→ e + e − µ + µ − ) production considering event selections of interest for the anomalous triple-gauge-boson-coupling searches at the LHC: we provide theoretical predictions within the Standard Model at NLO QCD and NLO EW accuracy and study the effect of the anomalous triple-gauge-boson interactions at NLO QCD. For WW and ZZ the contribution of the loop-induced gg → W + W − and gg → ZZ processes is included. Anomalous triple-gauge-boson interactions are parametrized in the EFT framework. This paper is the first application of Recola2 in the EFT context.
Introduction
Diboson production processes are of great importance in high-energy physics. On one hand, they are sensitive to the gauge-boson self interaction so that their measurement provides a crucial test of the Standard Model (SM) description of the gauge-boson dynamics. On the other hand, diboson production at the LHC is a source of background for other SM processes like for instance Higgs production as well as for direct searches of new physics. Therefore, a precise theoretical knowledge of these processes is mandatory not only in view of precision tests of the SM but also regarding new-physics searches.
The production of leptonically decaying electroweak boson pairs has been intensively studied at the Tevatron [1] [2] [3] [4] [5] and in Run I of the LHC [6] [7] [8] [9] [10] [11] [12] , searching for deviations from the SM predictions and setting limits on the strength of possible non-SM triple-gauge-boson interactions (anomalous triple-gauge-boson couplings, aTGCs in the following). Recently, the first results for WW, ZZ and WZ production at 13 TeV have been presented in Refs. [13] [14] [15] and [16] [17] [18] by the ATLAS and CMS collaborations, respectively.
Together with Higgs and Drell-Yan production, diboson production is one of the LHC processes known with highest theoretical precision. Theoretical predictions for( ) → V V ( ) (V = W, Z) with stable external vector bosons have been computed in Refs. [19, 20] at leading order (LO) and in Refs. [21] [22] [23] [24] [25] [26] at NLO (next-to-leading) QCD accuracy. The NNLO QCD corrections for on shell V and V ( ) have been presented in Refs. [27, 28] . The leptonic decays of the vector bosons have been included in the LO calculation of Ref. [29] , while higher-order QCD corrections including leptonic decays of V and V ( ) have been computed in Refs. [30] [31] [32] [33] at NLO and in Refs. [34] [35] [36] [37] [38] at NNLO. The NLO QCD corrections to( ) → V V ( ) + 1 jet (V = W, Z) have been evaluated in Refs. [39] [40] [41] [42] [43] [44] . Besides fixed-order calculations, diboson production processes have been studied at NLO QCD accuracy matched with Parton Shower (NLOPS) in the MC@NLO [45] and in the POWHEG [46, 47] framework in Refs. [45] and [48] [49] [50] [51] [52] , respectively. NLOPS predictions for WW+ jets with NLO merging of zero and one jet multiplicities have been investigated in Ref. [53] in the Sherpa+OpenLoops framework [54, 55] . The NNLO QCD corrections have been matched to resummation of the transverse momentum of the diboson [56] and of the hardest jet [57] .
Formally, the loop-induced processes gg → V V (V = W, Z) contribute to WW and ZZ production at the same perturbative order as the NNLO QCD corrections to( ) → V V , however, their contributions are relatively large because of the gluon luminosity. LO predictions for the gg channel have been computed in Refs. [58] [59] [60] for stable V s and in Refs. [61] [62] [63] including leptonic vector-boson decays, while the NLO QCD corrections have been published in Refs. [64, 65] where the interference with the Higgs-mediated process gg → H → V V has been neglected. In the same approximation, the process gg → ZZ has been considered at NLOPS accuracy in Ref. [66] . The interference with gg → H → V V has been studied at LO in Refs. [67] [68] [69] [70] [71] , the LOPS predictions have been presented in Ref. [72] , the universal soft-collinear terms of the QCD corrections have been included in Ref. [73] , and the full NLO calculation has been published in Ref. [74] .
Diboson production via quark-anti-quark annihilation is sensitive to the gauge-boson selfinteraction. The impact of potential non-SM triple-gauge-boson interactions has been considered at LO in Refs. [75] [76] [77] [78] [79] [80] and at NLO QCD in Refs. [81, 82, 31] . In Ref. [83] the effect of anomalous triple-gauge-boson and fermion couplings on→ W + W − (with on-shell Ws) has been studied at NLO QCD accuracy and compared to the one-loop electroweak corrections. The anomalous triple-gauge-boson couplings for WW and WZ production have been included in the QCD NLO Monte Carlo integrators MCFM [84] and VBF@NLO [85] [86] [87] . The event generators MC@NLO [88] [89] [90] and POWHEG allow to simulate WW and WZ production at NLOPS accuracy including the effect of the anomalous W + W − V (V = Z, γ) couplings, while both charged and neutral anomalous triple-gauge-boson couplings are included in Sherpa at LO. Theoretical predictions for WZ production including aTGCs in the EFT framework have been presented in Ref. [91] at NLO QCD plus parton-shower merging.
One-loop electroweak (EW) 1 corrections are usually small at the level of integrated cross sections, however, they can have a significant effect on the shape of the distributions of interest. On one hand, photonic corrections can lead to pronounced radiative tails near resonances or kinematical thresholds and, on the other hand, the size of the EW corrections can reach the order of several tens of percent in the high p T or invariant-mass tails of distributions because of the so-called Sudakov logarithms [92] [93] [94] [95] [96] [97] . This in particular implies that the EW corrections have a large impact in those regions of the phase space of interest for the searches for physics beyond the SM. As far as diboson production is concerned, the logarithmic part [97, 98] of the O(α) corrections to the process( ) → V V ( ) (V = W, Z) has been computed in Refs. [99, 100] and in Ref. [101] in the context of the searches for aTGCs. The full one-loop EW corrections have been studied in Refs. [102] [103] [104] for stable external V and V ( ) , while the leptonic vectorboson decays were included in the form of a consistent expansion about the resonances for WW production in Ref. [105] , and in an approximate variant via the Herwig++ [106] Monte Carlo generator for WW, ZZ and WZ production in Ref. [107] . The full O(α) calculations based on full 2 → 4 particle amplitudes, including all off-shell effects, have been presented for W-pair [108] , Z-pair [109, 110] and ZW [111] production. The one-loop EW corrections to the process pp → 2l2ν have been computed in Ref. [112] .
The aim of this paper is on the one hand to compare the effects of anomalous couplings including QCD corrections with SM electroweak corrections for typical experimental event selections. On the other hand, this paper documents the first application of Recola2 [113, 114] for a Lagrangian with anomalous couplings. To this end Recola2 model files have been constructed with REPT1L [114] and verified by comparisons with calculations in the literature.
This article is organized as follows. In Section 2, the details of the calculation are described together with the cross-checks that have been performed. In Section 3, we present our treatment of the anomalous triple-gauge-boson interactions in diboson production and collect the conversion rules between the EFT description of these interactions and the one based on aTGCs. The input parameters and event selections considered in our phenomenological studies are collected in Section 4. In Section 5, numerical results are presented for integrated cross sections and differential distributions for WW, WZ, and ZZ production.
Technical details of the calculation
We compute the NLO QCD corrections to the four-lepton 2 production processes at the LHC including the effect of the anomalous triple-gauge-boson interactions.
We consider as LO the processes→ V 1 V 2 → l 1 l 1 l 2 l 2 , where V 1(2) = W, Z and γ. In addition to the SM O(α 4 ) contribution, we include the effect of the anomalous triple-gaugeboson interactions corresponding to the higher-dimensional operators described in Section 3. We study the impact of dimension-6 operators for WW and WZ production, and of dimension-8 operators for ZZ production which is insensitive to dimension-6 operators.
The NLO QCD corrections to→ V 1 V 2 → l 1 l 1 l 2 l 2 are of order α 4 α s in the SM. As for the LO calculation, in addition to the SM contribution, we include the effect of the anomalous triple-gauge-boson interaction corresponding to dimension-6 operators (dimension-8 operators if both V 1 and V 2 are neutral gauge bosons) at NLO QCD. For the SM processes→ V 1 V 2 → we also compute the corresponding NLO EW corrections.
Another contribution to WW and ZZ production in the SM is the loop-induced process gg → l 1 l 1 l 2 l 2 : though this occurs at O(α 2 s α 4 ), it can be phenomenologically relevant because of the gluon luminosity. The gg channel is not sensitive to the aTGCs; however, we compute the gg diagrams at LO accuracy and include their contribution in our phenomenological studies.
Our calculation relies on tools like FeynRules [115, 116] , REPT1L [114] and Recola2 [113, 114] together with an efficient Monte Carlo integrator.
We used the Mathematica package FeynRules to implement the SM Lagrangian (according to the conventions of Ref. [117] ) and the dimension-6 and -8 operators relevant for the anomalous triple-gauge-boson interaction, as described in Section 3.
The UFO model file [118] generated by FeynRules is then converted into a model file for Recola2 by means of the Python library REPT1L (Recola's rEnormalization Procedure Tool at 1 loop): besides deriving the tree-level as well as the one-loop Recola2 model files from the UFO format, REPT1L performs in a fully automated way the counterterm expansion of the vertices, sets up and solves the renormalization conditions and computes the rational terms of type R2 for the model under consideration.
Recola2 is used for the automated generation and the numerical evaluation of the treelevel and one-loop amplitudes starting from the model file generated by REPT1L. Recola2 is an enhanced version of the Fortran95 code Recola [119] , designed for the computation of tree-level and one-loop amplitudes in general gauge theories and using the tensor-integral library Collier [120] .
The phase-space integration is carried out with a multi-channel Monte Carlo integrator that is a further development of the one described in Refs. [121, 122] .
As a cross check, Recola2 has been interfaced to the POWHEG-BOX-V2 generator [46, 47, 123] , and the results at NLO QCD in the SM have been compared for the processes( ) → WW, WZ and ZZ [51, 52] . In order to validate the implementation of the non-SM W + W − V (V = Z, γ) interaction, we compared our results for the LO matrix-element squared computed with Recola2 with the ones obtained with the VBF@NLO program for the CP-even dimension-6 operators. Moreover, the NLO QCD corrections to the diagrams involving the anomalous triple-gauge-boson interactions have been computed analytically and the results have been used to cross check the predictions from Recola2 at the amplitude level. We also used the matrix elements coded in the Wgamma package [124] of POWHEG-BOX-V2 to validate the implementation of the CP-even anomalous triple-gauge-boson interaction.
As a further validation, we implemented another model into Recola2 where the anomalous gauge-boson-interaction is parametrized in terms of anomalous couplings rather than Wilson coefficients. We verified that this model reproduces the results of Refs. [125] and [79] for WW, WZ, and ZZ production within the accuracy of the plots presented there. The two models have been compared at the matrix element level by using the conversion formulas of Section 3 and we found perfect agreement when the gauge-boson widths are set to zero. 3 
EFT framework for triple-gauge-boson interaction
Beyond Standard Model (BSM) effects can be parametrized in a model-independent way by means of an effective field theory (EFT). In the Standard Model EFT, the SM Lagrangian is generalized by adding non-renormalizable gauge-invariant operators with canonical dimension D > 4:
In Eq. (3.1) the operators O i D represent the effect of new physics with a mass scale Λ much larger than the electroweak scale and are multiplied by the corresponding Wilson coefficients c i D .
In the EFT language, the anomalous W + W − V (V = Z, γ) interaction can be parametrized in terms of the following set of dimension-6 operators [126] [127] [128] [129] 
where g w = e/s w and g 1 = e/c w correspond to the SU(2) w and U(1) Y gauge couplings, respectively, τ are the Pauli matrices (twice the SU(2) w generators) and Φ stands for the Higgs doublet. 4 We use the definitions:
In the complex-mass scheme, the electroweak mixing angle and thus the relations between Wilson coefficients and anomalous couplings, Eqs. (3.5) and (3.8), become complex, while we keep the anomalous couplings and Wilson coefficients real. 4 Note that our definitions of the dimension-6 and dimension-8 operators in Eqs. (3.2) and (3.6) differ from the ones in Refs. [128] and [130] in order to match the conventions of Ref. [117] for the SM vertices while preserving the relations (3.5) and (3.8) . The field-strength tensor in Eq. (6) of Ref. [128] should be replaced by Wµν = igτ I (∂µW
for internal consistency of that paper (see also Ref. [127] ). With this definition we find the following conversion rules between Ref. [128] and Ref. [117] :
µ and Zµ → −Zµ. The conversion rules between Ref. [130] and Ref. [117] read: Bµ → −Bµ and Zµ → −Zµ. Furthermore we assume that the definition of the tensor is 0123 = +1 and 0123 = +1 in Refs. [128] and [130] , respectively. This is suggested by a comparison with results in Refs. [131] and [132] , respectively.
In the literature, the anomalous W + W − V (V = Z, γ) interaction is often parametrized in terms of the phenomenological Lagrangian [131, 133, 75] 
w are the cosine and sine of the weak-mixing angle, 7 e is the electric charge, and vev = 2M W s w /e represents the vacuum expectation value of the Higgs-doublet field Φ.
Cross sections and/or differential distributions obtained from the Lagrangian in Eq. (3.1) have the form
with
It is clear from Eqs. (3.9)-(3.10) that the σ EFT6 2 and σ SM×EFT8 are of the same order in the 1/Λ expansion. This means that for a generic EFT model a consistent 1/Λ expansion at the lowest 6 Note that in Ref. [130] the coefficient f order should only include the σ SM×EFT6 term. On the other hand, a wide range of strongly interacting BSM models exists where the σ SM×EFT8 term is subleading with respect to σ EFT6 2 terms without invalidating the EFT expansion [139, 140, 125] . For these reasons in Section 5 we show our numerical results for the impact of the anomalous triple-gauge-boson interaction to WW and WZ production both with and without the contribution of the σ EFT6 2 terms. Similar considerations hold for dimension-8 operators in ZZ production.
In the phenomenological analysis of Sections 5.1-5.2 for WW and WZ production we consider the following values for the Wilson coefficients corresponding to the dimension-6 operators in Eq. (3.2) that are consistent with experimental limits of Ref. [141] :
For the Wilson coefficients of the dimension-8 operators in Eq. (3.6) we use the values 12) which are consistent with the experimental bounds of Ref. [8] .
Input parameters and cuts
We study the impact of the anomalous triple-gauge-boson interactions at the LHC with a centreof-mass energy of 13 TeV. Our numerical predictions are obtained using the G µ scheme, where the electromagnetic coupling α is derived from G µ with the relation
The relevant SM input parameters are [142] :
Except for the top quark, all the other fermions are considered as massless, and we use a diagonal CKM matrix. The on-shell W and Z masses are converted to the corresponding pole values as [143] :
The complex-mass scheme (CMS) [144] [145] [146] is used in order to deal with the presence of resonances. In the CMS the weak mixing angle is derived from the ratio
Besides the W and Z resonances, also top resonances appear in the real QCD corrections to WW production with initial-state b quarks. In the loop-induced processes gg → WW and gg → ZZ also Higgs resonances are present.
For the parton distribution functions (PDFs), the LHAPDF6.1.6 package [147] is used and the NNPDF23 nlo as 0118 qed PDF set [148] [149] [150] is employed. The same PDF set is used to compute both the LO and NLO results. The factorization and renormalization scales for the processes pp → V V are set to (M OS V + M OS V )/2. The corresponding value of α s is taken from the used PDFs.
For WW production we consider the cuts of Refs. [7] and [9] for ATLAS and CMS, respectively. The ATLAS setup can be summarized as follows:
The CMS setup is:
In Eqs. (4.4)-(4.5), l stands for a charged lepton, p T,ll and M inv ll are the transverse momentum and the invariant mass of the charged lepton pair, p max T,l is the transverse momentum of the hardest lepton, i.e. the lepton with highest p T , and E miss T is the missing momentum in the transverse plane obtained from the sum of the momenta of the two neutrinos. Finally, E rel T is defined as
where ∆φ l is the difference in azimuthal angle between the direction of the missing-momentum vector E miss T and the momentum of the charged lepton closest to E miss T . At NLO QCD the large-p T,l region of WW production is dominated by kinematical configurations where a W boson is recoiling against a hard quark that radiates a soft W boson. Since this kind of process does not depend on aTGCs [82] , the sensitivity to aTGCs is largely lost when moving from LO to NLO. Therefore, both ATLAS and CMS impose a jet veto for the search of aTGCs in the WW channel. We define jets according to the anti-k t algorithm [151] [152] [153] with R parameter 0.4 and 0.5 for the ATLAS and the CMS event selection, respectively.
The ATLAS analysis setup for the process pp → WZ reads [6] :
while the CMS one reads [12] : 235.49 (7) +6.5% −7.8%
27.3(3)
+25% −18% M inv 3l is the invariant mass of the three charged leptons, and M inv
is the invariant mass of charged-lepton pair coming from the Z decay. If more than one l + l − pair can be assigned to the Z boson, the Z-boson candidate with invariant mass M inv
is the rapidity-azimuthal-angle separation of the leptons l i and l j . The ATLAS and the CMS cuts for the four-charged-lepton analysis of Refs. [8, 10] are very similar. In our phenomenological studies we consider the ATLAS event selection:
In Eq. (4.11), Z 1 and Z 2 stand for the two Z bosons reconstructed from pairs of same flavour and opposite-charge leptons (in the following we will only consider the process pp → e + e − µ + µ − where only one pairing is possible).
In all the setups described above, when computing NLO EW corrections we recombine final-state charged leptons and photons if ∆R lγ < 0.1.
Phenomenological results

WW production
Our predictions for the integrated cross sections for the process pp → e + ν e µ −ν µ are collected in Table 1 . The LO results are compared to the ones at NLO QCD and NLO EW accuracy. The contribution of the loop-induced gg → WW process is also shown. The ATLAS and CMS setups in Table 1 correspond to the event selection in Eqs. (4.4) and (4.5), respectively. For both setups we present our results both with and without the contribution of the processes with initial-state b quarks. The impact of these processes is of order 2% for LO and NLO EW, but becomes of order 11−17% for NLO QCD, because the gb → WWb channel is enhanced by the presence of top resonances. On one hand, this channel is absent in the four-flavour scheme, on the other hand, the t-channel single-top contribution is usually subtracted in experimental analyses. We prefer to use the same PDF set NNPDF23 nlo as 0118 qed and the 5-flavour scheme for all diboson production processes and simply discard the contribution of initial-state b quarks (at the integrated-cross-section level the two approaches lead to very similar results as shown in Table 2 Table 2 : Integrated cross section at NLO QCD for the process pp → e + ν e µ −ν µ at √ s = 13 TeV in the ATLAS setup of Eq. (4.4) for different values of the jet veto. The results in the third line (5f with b) are computed using the 5-flavour PDF set NNPDF23 nlo as 0118 qed with initialstate b-quark contribution included. These contributions are omitted in the results in the fourth line (5f no b). In the last line the 4-flavour PDF set NNPDF30 nlo as 0118 nf 4 is used. Same notation and conventions as in Table 1 .
In Table 1 and following tables the numbers in parentheses correspond to the statistical integration error, while the uncertainties are estimated from scale variation: we set the factorization and renormalization scales to µ F = K F µ 0 and µ R = K R µ 0 (µ 0 being the central scale choice described in Section 4) and we evaluate the cross sections for the following combinations of (K F , K R ):
The upper and lower values of the cross sections in Table 1 correspond to the upper and lower limits of the so-obtained scale variations. At LO and NLO EW, scale uncertainties only result from variation of the factorization scale and are of the same order. In contrast, the scale dependence at NLO QCD results from variation of both factorization and renormalization scales and is smaller than the LO one. The gg → WW channel gives a positive contribution of order 10% with respect to the LO results. The NLO EW corrections are of order −3%. If the initial-state b-quark contribution is not included, also the NLO QCD corrections turn out to be negative: this is a consequence of the jet veto in Eqs. (4.4) and (4.5) that basically removes the real QCD corrections to WW production.
The dependence of the NLO QCD corrections to the fiducial cross section on the jet veto is shown in Table 2 , for different setups, where we set the maximum jet-p T cut to 25, 50, 100, 200 and 1000 GeV. Besides results based on 5-flavour PDFs with and without initial-state bottom contributions we also provide results based on 4-flavour PDFs. While the cross sections in the 5-flavour scheme agree well with those in the 4-flavour scheme when omitting the b-induced contributions, the latter give a sizable extra contribution that grows with increasing jet veto. In Fig. 1 the dependence of the NLO QCD corrections on the jet veto is illustrated for the distributions in the transverse momenta of the hardest lepton (p T,l ) and of the charged-leptonpair (p T,ll ). The real QCD corrections become more and more important as the jet veto is loosened, leading to large positive QCD corrections in particular in the high-p T region. Even for strict jet veto, for both the setups of Eqs. (4.4) and (4.5) the NLO QCD corrections become positive once the processes with initial-state b quarks are taken into account (not shown).
Our predictions at the differential-distribution level are collected in Figs. 2-6 for some sample observables. Figures 2-6 confirm the pattern described above at the cross-section level: both the EW and QCD corrections are small in those bins that give the largest contribution to the integrated cross section, while their size increases in the high-p T and invariant-mass regions. dσ/dp increased. A similar feature is there for the initial-state b-quark contribution, where the peak is much more pronounced. Figure 6 shows the differential distributions in the positron and muon rapidities (y e and y µ , respectively). Both EW and QCD corrections are basically flat as a function of the lepton rapidities, while the processes with initial-state b quarks give a larger contribution in the central region. Concerning the impact of the anomalous triple-gauge-boson interactions, we consider the ratios Figure 9 : Ratio between the EFT6 2 contribution to the process pp → e + ν e µ −ν µ computed at NLO QCD (σ NLO EFT6 2 ) and LO (σ LO EFT6 2 ) accuracy as a function of the hardest lepton p T (left plot) and as a function of the charged-lepton-pair invariant mass. The labels ATLAS and CMS refer to the event selections of Eq. (4.4) and (4.5), respectively. The ratio between the SM predictions at NLO QCD and at LO accuracy is also shown (black lines). behaves in a similar way to R LO lin , on the other hand the impact of the aTGCs is in general smaller at NLO QCD in particular at high p T and/or invariant masses (with the only exception of the c W W W coefficient that contributes more at NLO QCD 9 ). The situation changes for R NLO quad , where the sensitivity to the aTGCs is strongly reduced with respect to the LO in particular in the tails of the distributions. 10 At LO the leading contribution to R LO quad is given by the positive and growing σ LO EFT6 2 terms. At NLO we have 
13.600(4)
+5.1% −6.3% Table 3 : Integrated cross section for WZ production at √ s = 13 TeV in the ATLAS and CMS setups of Eqs. (4.7) and (4.8), respectively. In the first column W + Z (W − Z) is a short-hand notation for the process pp → e + ν e µ + µ − (pp → e − ν e µ + µ − ). The numbers in parentheses correspond to the statistical error on the last digit. The uncertainties are estimated from the scale dependence, as explained in the text.
The NLO QCD corrections suppress the EFT6 2 terms much stronger than the SM contributions as shown in Fig. 9 for the observables under consideration. Figure 9 also reveals why the EFT6 2 contribution is more suppressed for the charged-lepton invariant mass rather than for the hardest lepton p T .
Figures 7-8 also show the relative EW NLO corrections determined from the ratio between the NLO EW results and the LO results in the SM. While the introduction of a jet veto is useful to preserve the sensitivity to the aTGCs, it leads to large and negative NLO QCD corrections if the jet veto threshold is small. As a result the effect of the NLO EW corrections is emphasized and can become larger than the one of the aTGCs.
WZ production
The results for the integrated cross sections for WZ production at a centre-of-mass energy of 13 TeV are presented in Table 3 for the ATLAS and CMS setups of Eqs. (4.7) and (4.8), respectively. In Table 3 and Figs. 10-14,W + Z (W − Z) is a short-hand notation for the process pp → e + ν e µ + µ − (pp → e − ν e µ + µ − ). The LO predictions are compared to the ones at NLO QCD and NLO EW accuracy. The numbers in parentheses correspond to the statistical integration error, while the upper and lower values of the cross sections correspond to the upper and lower limits from scale variations (5.1). Scale uncertainties are of the same order at LO and NLO EW and do not decrease significantly at NLO QCD as a consequence of the large QCD corrections.
The cross sections for the W + Z channel are about 50% larger than the ones for the W − Z channel: this can be attributed to the parton flux within the proton which is larger for the up quark than for the down quark. The NLO EW corrections are of order −6% and −5% in the ATLAS and CMS setups, respectively. The NLO QCD corrections are positive and reach the value of +80% and +90%, depending on the setup. This is due to the fact that diboson production at LO only proceeds via quark-antiquark annihilation, while at NLO QCD new channels appear that involve initial-state gluons (namely gq → ZW ± q and gq → ZW ± q ) and are enhanced because of the gluon luminosity. In principle, the same happens also for WW production. However, the jet veto in the event selections (4.4) and (4.5) strongly suppresses the real QCD corrections and in particular the contributions of the processes with initial-state gluons: this explains the different behaviour of NLO QCD corrections for WW and WZ shown in Tables 1 and 3 .
In Figs Lower panels: ratio of the NLO QCD, and NLO EW contributions with respect to the LO (red and blue lines, respectively). In order to improve the plot readability the NLO QCD predictions have been divided by a factor 10 in the ratio NLO QCD/LO. For all curves the central value of the factorization and renormalization scales is used and the error bars correspond to the statistical integration uncertainties. Note that the same PDF set is employed for both the LO and NLO predictions. dσ/dp
NLO QCD/LO /10 NLO EW/LO and (4.8). Note that the NLO QCD predictions have been divided by a factor 2 in the ratio NLO QCD/LO. Same notations and conventions as in Fig. 10 . typical Sudakov behaviour above about 100 GeV where they start to decrease monotonically and become of order −23/−25% in the tails of the distributions under consideration. The NLO QCD corrections are positive, large, and increasing for large p T . These corrections are dominated by real QCD contributions as has been verified by playing with jet veto cuts. In the presence of hard QCD radiation the four-lepton system recoils against the radiated parton, and the leptons can likely acquire large transverse momentum. Note that in the plots the NLO QCD corrections have been divided by a factor 10. The right plot in Fig. 11 shows the differential distribution in the transverse mass of the WZ system defined as:
As described in Ref. [111] , the NLO EW corrections are dominated by the real photon radiation below the peak, then show a plateau between the peak and about 300 GeV (where they are of order −5%), while for larger M 3lν T values they decrease up to −20% for M 3lν T = 1 TeV. Compared to the transverse momentum distributions, the M 3lν T observable is less affected by NLO QCD corrections: these contributions are positive, reach the order of +135% for M 3lν T around 500 GeV and then start to slowly decrease. Figure 12 shows the differential distributions in the positron and the antimuon rapidities (y e + and y µ + , respectively). The NLO EW corrections are basically flat and of the same order as the NLO EW corrections to the integrated cross section. The NLO QCD corrections are positive, slightly more pronounced in the central region and again of the same order as the NLO QCD corrections to the integrated cross section.
The ratios R show the same qualitative behaviour for WW and WZ production, from a quantitative point of view we notice that WZ production is more sensitive to aTGCs and in particular to the c W coefficient.
The shape of the R NLO quad distribution can be understood by looking at the NLO QCD corrections to the EFT6 2 contributions (Fig. 15 ) and Eqs. (5.3) and (5.4). At variance with the WW case, where the jet veto in the event selections (4.4), (4.5) suppresses real QCD radiation, for WZ production the NLO QCD corrections to the EFT6 2 contributions are positive and large owing to real-radiation corrections but much smaller than the corrections to the SM process (this is particularly evident for the p T,µ + µ − distribution). This is due to the fact that QCD radiation reduces the centre-of-mass energy of the diboson system with respect to the LO. Since the aTGCs contribution increases with the centre-of-mass energy of the diboson system, at NLO QCD the aTGCs contribution is suppressed.
ZZ production
The results for the fiducial cross sections for the process pp → e + e − µ + µ − at 13 TeV under the event selection of Eq. (4.11) are collected in Table 4 . The LO results are compared to the predictions at NLO QCD and NLO EW accuracy. The contribution of the loop-induced process gg → ZZ is also shown. The NLO EW corrections are of order −8% while the NLO QCD corrections amount to +35%. The gg channel contributes about +17% of the LO prediction. For massless quarks the gg channel results only from quark-box diagrams, while for the massive top quark also s-channel Higgs production via a top loop contributes. For a light top quark the contribution of the gg channel amounts to +24% of the LO cross section, i.e. the large top mass reduces the cross section by 7%. The numbers in parentheses represent the integration error on the last digit, while the upper and lower values for the cross sections correspond to the uncertainty coming from scale variation according to Eq. (5.1). Scale uncertainties are of the same order for the LO and the NLO EW predictions and are reduced by a factor of two at NLO QCD. The differential distribution in the transverse momentum of the positron (p T,e + ), the antimuon (p T,µ + ), the muon-antimuon pair (p T,µ + µ − ), and the hardest Z boson [p max T,Z = max(p T,µ + µ − , p T,e + e − )] are shown in Figs. 16 and 17. For these distributions the NLO EW corrections are negative and decrease monotonically reaching the value of about −40% for p T,e + and p T,µ + of order 600 GeV and −50% for p T,µ + µ − and p max T,Z of order 800 GeV. The NLO QCD corrections are positive, large, and increase at high p T . As pointed out in Section 5.2, this is due to the opening of the gluon-initiated channels that contribute to the real QCD corrections and enhance the high-p T region. Figure 18 shows the differential distributions as a function of the four-lepton invariant mass (M inv 4l ) and as a function of the rapidity difference of the two Z bosons (∆y ZZ ). The M inv 4l distribution peaks near 2M Z : below the peak the NLO EW corrections are dominated by real photon radiation, while above the peak they have the same Sudakov behaviour found in the p T distributions and reach the value of −45% for M inv 4l of order 2 TeV. At variance with the case of the transverse-momentum distributions, the NLO QCD corrections to the four-lepton invariant-mass distribution are relatively flat (they reach the value of +50% for M inv 4l between 0.5 and 1 TeV and then they decrease with M inv 4l ). Both the NLO EW and the NLO QCD corrections to the Z-boson-pair rapidity difference are essentially flat: the NLO QCD corrections are somewhat larger for large |∆y ZZ |, while the contribution of the gg channel is of order +20% for ∆y ZZ between −2 and 2 and decreases for larger values of |∆y ZZ |. Lower panels: ratio of the NLO QCD, NLO EW and gg contributions with respect to the LO (red, blue and orange lines, respectively). For all curves the central value of the factorization and renormalization scales is used and the error bars correspond to the statistical integration uncertainties. Note that the same PDF set is employed for both the LO and NLO predictions. By comparing R LO lin(quad) and R NLO lin(quad) we conclude that the NLO QCD corrections reduce the dependence on the Wilson coefficients of the dimension-8 operators. For R NLO quad the reduction in the sensitivity to the aTGCs is more pronounced for the p max T,Z observable rather than for the four-lepton invariant-mass distribution. This can be understood by comparing the NLO QCD corrections to the EFT8 2 terms, which furnish the leading contribution to R LO quad , with the NLO QCD corrections to the SM results, using equations analogous to Eqs. Fig. 22 . While for the distribution in the transverse momentum of the leading Z boson we find the same behaviour as already described in Section 5.2 for WZ production, for the distribution in M inv 4l the NLO QCD corrections to the EFT8 2 contribution and the ones to the SM prediction are similar (they differ only by up to 40%).
Conclusions
A precise theoretical understanding of diboson production processes at the LHC is crucial both in the context of tests of the SM and in the one of the direct searches for anomalous triplegauge-boson interactions. Figure 22 : Ratio between the EFT8 2 contribution to the process pp → e + ν e µ + µ − computed at NLO QCD (σ NLO EFT8 2 ) and LO (σ LO EFT8 2 ) accuracy as a function of the transverse momentum of the hardest Z boson (left plot) and as a function of the four-lepton invariant mass (right plot) under the event selections of Eq. (4.11). The ratio between the SM predictions at NLO QCD and at LO accuracy is also shown (black lines).
In this paper we presented a phenomenological study of WW (→ e + ν e µ −ν µ ), WZ (→ e − ν e µ + µ − ), and ZZ (→ e + e − µ + µ − ) production considering event selections of interest for the aTGCs searches at the LHC. For WW and ZZ production we included the impact of the loop-induced gg → V V processes at LO.
The calculation described in this paper is the first application of Recola2 in the EFT context: a UFO model file including the SM Lagrangian as well as the dimension-6 (-8) operators relevant for WW and WZ (ZZ) production have been implemented using the Mathematica package FeynRules. The model file has been converted to a Recola2 model file by means of the Python library REPT1L. All NLO QCD and NLO EW corrections in this paper have been computed with Recola2.
The code has been used to study the effect of the aTGCs in the EFT framework at LO and at NLO QCD for some observables of experimental interest. We found that the sensitivity to the aTGCs is in general reduced at NLO QCD because of real radiation contributions, like the opening gq/gq channels, which are less sensitive to the aTGCs. From a quantitative point of view, the reduction in the sensitivity to aTGCs depends on the analysis setup and on the observables under consideration. If the terms involving squared anomalous couplings (EFT 2 terms) are taken into account, this effect is proportional to the ratio of the NLO QCD corrections to the EFT 2 terms and the NLO QCD corrections to the SM predictions. We also disentangled the effect of the interference terms linear in the anomalous couplings (SM × EFT) and the EFT 2 terms and we showed how the latter dominate over the interference terms almost everywhere in the distributions of interest for the aTGCs searches at the LHC.
